Aim To determine the roles of autophagy and Notch signalling in mineral trioxide aggregate (MTA)-mediated proliferation and differentiation of human dental pulp cells (hDPCs). Methodology hDPCs were separated from human healthy molar teeth using collagenase I/dispase II digestion and then cultured in a-MEM medium with 15% foetal bovine serum. hDPCs were seeded in 96-well plates, and cell counting kit assays were carried out to test their viability. Real-time quantitative polymerase chain reaction (qPCR) was used to evaluate ALP, Runx2, Notch1, Hes1 and Hey1 mRNA levels. Notch1, hes1, LC3 and p62 protein levels were quantified by Western blotting. Colocalization of LC3 and Notch1 was measured by immunofluorescence. Two-tailed Student's t-tests were used for statistical analysis. Results Autophagic flux was significantly (P < 0.05) inhibited by MTA extracts, causing Notch degradation arrest. This resulted in the promotion of cell proliferation and inhibition of differentiation during the logarithmic phase of cell growth. Conclusion MTA extract promoted the proliferation of hDPCs in part by activating Notch signalling through inhibition of autophagic flux during the early stage and, thus, might potentially induce rapid restoration of injured pulps.
Introduction
Autophagy is an evolutionarily conserved intracellular degradation and recycling pathway that plays essential roles in cell growth, migration, metabolism (Yang et al. 2015 , Cai et al. 2016 , maintaining the stem cell quiescent state (Cao et al. 2015 , Garcia-Prat et al. 2016 , manipulating immunity (Kimmey et al. 2015) and regulating bone growth (Cinque et al. 2015) . In recent years, autophagy has been frequently shown to be involved in dental health , Wang et al. 2016 and was found to regulate dental pulp stem cell (DPSC) migration and pulp regeneration (Yang et al. 2015) . In adult pulp tissue, autophagy molecules are expressed at lower levels than in aged tissues , Lee et al. 2015 . Additionally, accumulation of autophagic vacuoles has been observed throughout the lifetime of healthy teeth (Couve & Schmachtenberg 2011) . Wang et al. (2016) reported that autophagy can be activated by inflammation of the dental pulp. Furthermore, diabetes-induced irreversible dental pulp damage is related to inhibition of autophagy (Lee et al. 2016) . Thus, these reports suggest that autophagy may be crucial to mediating the proliferation and differentiation of human dental pulp cells (hDPCs) via crosstalk with other signalling pathways, such as the mitogen-activated protein kinase (MAPK) pathway (Basu et al. 2014) , mammalian target of rapamycin (mTOR) pathway and Notch signalling pathway (Cao et al. 2015 , Ahn et al. 2016 , Marcel & Sarin 2016 , Wu et al. 2016 .
Notch signalling is a highly conserved pathway that is vital for the development of tissues and organs (Balistreri et al. 2016) . Moreover, Notch signalling is essential in the proliferation and differentiation of progenitors in tooth development (Cai et al. 2011 , Wang et al. 2011 . In addition to its classical functions of regulating stem cell proliferation and differentiation, Notch signal activation contributes to the process of mechanical pulp injury (Mitsiadis et al. 1999 , Ma et al. 2015 , and activation of Notch could delay ageing in hDPCs (Chang et al. 2014) . A recent study showed that the Notch signalling pathway is upregulated after pulp capping of rat molars with calcium hydroxide (Cai et al. 2011) , indicating that the Notch signalling pathway may be involved in dental pulp repair. However, the lack of molecular studies has precluded a clear understanding of the mechanisms of Notch regulation by the pulp capping material mineral trioxide aggregate (MTA).
MTA was first reported by Lee et al. (1993) and was approved by the US Food and Drug Administration in 1998 (Schmitt et al. 2001 ) as a biocompatible material used in apexification for inducing a calcific barrier in a tooth with an open apex. MTA has emerged as a reliable bioactive material and has been employed widely in various endodontic therapies, such as pulp capping and root perforation repairs (Torabinejad & Chivian 1999) . MTA is a multifunctional material, promoting dentine bridge formation (Andelin et al. 2003 , Min et al. 2008 , cell survival (Hakki et al. 2009 ), proliferation (Takita et al. 2006) and odontoblastic differentiation (Zhao et al. 2012) . MTA also enhances the odontogenic/osteogenic capacity of mouse dental pulp stem cells (DPSCs) via the nuclear factor kappa-lightchain enhancer of activated B cell (NF-jB) pathway (Wang et al. 2014) . However, how MTA promotes hDPC proliferation and differentiation remains elusive and whether autophagy and Notch signal are related to MTA has never been addressed. Accordingly, the purpose of the present study was to investigate the roles of autophagy and Notch signalling in mediating the effects of MTA extract on the proliferation of hDPCs during the logarithmic phase. The null hypothesis was that MTA extract could not promote cell proliferation or inhibit differentiation by activating Notch signalling through inhibition of autophagic flux. The findings provide insights into the mechanisms of Notch activation and the role of autophagy during dental pulp repair.
Materials and methods

Cell isolation and culture
hDPCs were isolated from healthy third molars of patients (age: 18-25 years). Tooth samples were donated by the People's Hospital of Shenzhen, China. The ethical approval for this research was granted by the Medical Ethics Committee of Shenzhen People's Hospital. Dental pulp tissue was digested using a combination of collagenase I (Sigma, St. Louis, MO, USA) and dispase II (Sigma) for 1 h at 37°C, and the suspensions were passed through a 70-lm strainer to obtain single cells, as described by Gronthos et al. (2000 Gronthos et al. ( , 2002 . The single cells were cultured in 100-mm dishes with a-MEM (Invitrogen, Shanghai, China) containing 15% foetal bovine serum (Life Technologies, Grand Island, NY, USA), and 100 IU mL À1 penicillinstreptomycin (Life Technologies). Cells were cultured in an incubator at 37°C in an atmosphere containing 5% CO 2 . All the cells used in this study were from the second to fifth passages.
Preparation of MTA extracts
One gram of MTA (Dentsply Endodontics, Tulsa, OK, USA) was added to 50 mL of serum-free a-MEM in centrifuge tubes sealed tightly with sealing film, which were then placed in a shaker at 200 rpm for 72 h at 37°C to extract the bioactive component. The supernatants of MTA extracts were passed through bacteria filters after settling overnight at 4°C, yielding a stock solutions of MTA extracts. 
Toxicity assay
To investigate the toxicity of MTA extracts, cells were seeded at 5 9 10 3 cells/well in 96-well plates and incubated with culture media containing various volumes of MTA extract overnight. The volume ratios of MTA extract/cell culture medium were 5, 25, 50, 100, 250 and 500 mL L
À1
. The medium was exchanged with 200 lL of fresh medium containing 10 lL CCK-8 reagent (Sigma) per well after 5 days of culture, and the cells were incubated for 1 h. Absorbance at 450 nm was measured. The cells were imaged using an iPhone5 (serial number: DNPJLBEADTTQ) under the microscope.
Evaluation of gene expression by quantitative polymerase chain reaction (qPCR)
Cells were seeded in six-well plates at 5 9 10 4 to 1 9 10 5 cells/well and cultured, and MTA extract was added when the cells reached approximately 70-80% confluence. Twenty-four hours later, total RNA was extracted using TRIzol (Takara, Japan). qTOWER2.2 (Analytik, Jena, Germany) and SYBR Green (TOYOBO, Japan) were used to test gene expression. The primer sequences used and the GenBank gene IDs of the target genes are listed in Table 2 . All primers were synthesized by Life Technologies.
Western blotting
Cells were seeded at 5 9 10 4 to 1 9 10 5 cells/well in six-well plates and cultured. Hydroxychloroquine (HCQ; Sigma) and bafilomycin A1 (BAF; Sigma) were used at final concentrations of 50 and 100 nmol L À1 , respectively. After washing twice with ice-cold phosphate-buffered saline (PBS), passive lysis buffer was added. Total proteins were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis on 7.5-15% gels and transferred to nitrocellulose membranes. The membranes were blocked for 1 h at room temperature in 5% non-fat milk in Tris-buffered saline containing Tween 20 (TBST). Membranes were incubated with primary antibodies at room temperature for 1-2 h and then with secondary antibodies for 1 h at room temperature. Then, the membranes were washed again as and anti-GAPDH (Proteintech, Rosemont, IL, USA; dilution, 1 : 10 000). The secondary antibodies were purchased from KPL (Gaithersburg, MD, USA) and were used at a dilution of 1 : 5000. All antibodies were diluted in 3% bovine serum albumin (BSA) in TBST. ImageJ was used for quantification of the grey-level density of Western blotting bands.
Immunofluorescence analysis
Cells were seeded in 35-mm glass-bottomed microwell dishes (MatTek, Boston, MA, USA). When the cells reached 30-40% confluence, 50 mL L À1 of MTA extract was added and cells were incubated for 24 h. Serum starvation was then carried out for 12 h with EBSS (Sigma). The cells were fixed with ice-cold 4% paraformaldehyde (PFA) for 20 min and then permeabilized with 0.25% TritonX-100 for 15 min. Next, the cells were incubated with 3% BSA in PBS for 1 h and then for 2 h with anti-Notch1 (CST; dilution, 1 : 50) or anti-LC3 (Sigma 1 : 25). Finally, the cells were incubated with Alexa Fluor 488-(CST; dilution, 1 : 200) and Alexa Fluor Table 1 Concentrations of Ca and Si in culture medium after addition of the MTA extract 
Statistical analysis
The significance of pairwise comparisons between expression levels of target genes/proteins was determined using Student's t-tests. Data are shown as means and standard errors of the means (SEMs).
Results with P values of less than 0.05 were considered significant.
Results
MTA extract promotes cell proliferation and inhibited osteogenic differentiation during the logarithmic phase
To investigate the effects of MTA extract on hDPC growth, various volumes of the MTA stock extract were added to culture medium, and cell viability was analysed using the CCK-8 assays. The results revealed that addition of 50 mL L À1 of MTA extract (with a concentration of Ca ions of 88.9 mg L
À1
and Si ions of 0.22 mg L À1 ) to the culture medium significantly improved hDPC proliferation (Fig. 1a , P < 0.05). However, MTA was cytotoxic at 250 mL L À1 (Fig. 1a,b) . Thus, the medium with 50 mL L À1 of MTA extract was chosen for subsequent analyses, unless otherwise noted. MTA extract promoted progression to the plateau phase of cell growth based on proliferation-time curves (Fig. 1c) . Interestingly, the mRNA expression levels of alkaline phosphatase (ALP) and its positive regulator Runtrelated transcription factor 2 (Runx2) were significantly decreased by exposure to MTA extract ( Fig. 1d , P < 0.05), suggesting a low capacity for differentiation.
MTA extract mediated Notch signal activation through the Notch1/Hes1 pathway Because Runx2 was downregulated by the Notch1 signalling pathway, whether the activity of this pathway was also affected by MTA was examined. Protein levels of Notch1 and its target Hes1 were significantly upregulated by MTA as compared to those in the control group ( Fig. 2a,b ; P < 0.01). mRNAs for hes1 and hey1, which are classical downstream genes targeted by the Notch signalling pathway, were significantly upregulated in the MTA group as compared to the control group ( Fig. 2c ; P < 0.05). However, the expression of Notch1 mRNA was downregulated by MTA ( Fig. 2c ; P < 0.01).
MTA extract mediated Notch1 activation by inhibiting of autophagic flux p62 and LC3 proteins were significantly upregulated in hDPCs treated with MTA extract for 24 h (Fig. 3a) . p62 expression was increased to 1.8-fold ( Fig. 3b ; P < 0.001) and LC3II/I was increased to 2.1-fold ( Fig. 3b ; P < 0.01) in the MTA as compared to the control group. After treatment with MTA extract, the changes in p62 and LC3II/I were similar to those observed after treatment with the autophagy inhibitors HCQ and BAF, which inhibit the fusion of autophagosomes and lysosomes, indicating that autophagic flux was blocked (Fig. 3c,d ). Notch1-mediated cleavage of the transmembrane/intracellular region (NTM), which also serves as a substrate of autophagy, was significantly increased when hDPCs were treated with either MTA or the autophagy inhibitor BAF compared to that in the control group (Fig. 3c) , indicating that MTA activated Notch signalling by inhibiting autophagic flux. Additionally, MTA extract rescued the autophagy activation induced by serum starvation for 2 h with EBSS (Fig. 3d) . After extended serum starvation for 12 h, Notch1 (NTM) expression was sharply decreased (Fig. 3e , P < 0.05). Runx2: Runt-related transcription factor 2; ALP: alkaline phosphatase.
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MTA extract inhibits autophagosome-lysosome fusion inhibition
To evaluate the mechanisms of autophagic flux arrest and the relationship between Notch signalling and autophagy further, the colocalization of Notch1 and LC3 puncta in hDPCs was examined using confocal fluorescence microscopy. The sizes of the fusion puncta (Fig. 4) were larger in the MTA group than in the control group. There were almost no visible Notch1 staining and fusion puncta in the serum starvation group because Notch1 was degraded via the activation of autophagy.
Discussion
This study revealed that autophagy is involved in MTA-induced hDPC proliferation and differentiation via activation of the Nocth1-Hes1 signalling pathway. MTA has been widely used in dentistry for many years because it has several advantages, including a shorter treatment time for apical barrier formation than classic materials, such as calcium hydroxide (Lin et al. 2016) . Additionally, MTA extract has been reported to be nontoxic and to induce cell proliferation; however, high concentrations of MTA are toxic to cells (Hakki et al. 2009 ). The present study The mRNA levels of Runx2 and ALP were measured by qPCR. (*P < 0.05, **P < 0.01, by paired t-test, n = 3. Error bar = SEM). confirmed that MTA extract improves hDPC viability, consistent with previous studies. The molecular mechanisms through which MTA promotes hDPC proliferation and differentiation involve several cell signalling pathways. For example, the MAPK pathway has been shown to regulate MTA-induced DPSC odontoblastic differentiation (Zhao et al. 2012) and to promote increased hDPC viability (Huang et al. 2015) . Wnt/ b-catenin signalling also is important in the proliferation and odontoblastic differentiation of hDPCs . The current study confirmed that the Notch1 signalling pathway is involved in the regulation of hDPC proliferation and differentiation. The mRNA levels of Runx2 and ALP, which are involved in osteoblast differentiation were measured. Runx2 is a transcription factor that is critical for early bone formation (Komori et al. 1997) and for the recognition and activation of the ALP gene (Weng & Su 2013) . Expression levels of Runx2 and ALP represent the capacity for cell differentiation. In the present study, the expression of both genes was decreased when the cells were exposed to MTA extract for 1 day. The results of ALP expression were similar to those reported in a recent study on hDPCs (Rodrigues et al. 2017) . The decreased Runx2 and ALP expression indicated that the odontoblastic differentiation ability of hDPCs was weakened by 1-day exposure to MTA extract during the logarithmic phase of cell growth.
Notch signalling, which is evolutionarily conserved, is a determinant of cell fate, including both differentiation and proliferation. Notch signalling reportedly promotes proliferation, but it inhibits differentiation (Grotek et al. 2013 , Irles et al. 2016 . As downstream molecules in the Notch signalling pathway, Hes1 and Hey1 downregulate Runx2 by inhibiting Runx2 transcriptional activity (Hilton et al. 2008 , Fei et al. 2015 . Additionally, Hes1 enhances cell proliferation by binding to the promoter regions of cyclin-dependent kinase inhibitors of the Cip/Kip family, releasing the p21/p27/p57-mediated cell cycle inhibition (Monahan et al. 2009 ). Inhibition of the Notch ligand Delta1 promotes odontoblast differentiation and inhibits hDPSC proliferation in vitro. Another study reported that upregulation of Notch signalling by Jagged1 or the Notch1 intracellular domain blocks the odontoblastic differentiation of DPSCs in vitro (Zhang et al. 2008 , Wang et al. 2011 . Similarly, in the present study, the mRNA levels of both Hes1 and Hey1 were significantly higher in the MTA group than in the control group, suggesting that Notch signalling was activated. Evaluation of the NTM and Hes1 protein levels by Western blotting confirmed that Notch signalling was activated in the MTA group as compared to the control group. Further study is required to fully elucidate the mechanisms mediating the downregulation of the Notch1 pathway observed here. The expression levels of hes1 and hey1 were evaluated by qPCR after treatment with MTA extract for 1 day. *P < 0.05, **P < 0.01, by paired t-test, n = 3. Error bar = SEM.
The increased protein and decreased mRNA levels of Notch1 (NTM) led us to suspect that Notch1 degradation may be inhibited. Ubiquitination has been reported to be involved in Notch1 degradation (Qiu et al. 2000) . Although the ubiquitin-dependent degradation of Notch1 has been extensively studied, recent reports have shown that Notch1 can also be degraded through a pathway involving autophagosomes. Briefly, Notch1 enters autophagosomes independently via endocytosis in precursor structures from the plasma membrane, serving as a substrate of autophagy (Wu et al. 2016) . p62, a well-studied autophagy substrate (Bjorkoy et al. 2005) , and LC3II/I (Wang et al. 2009 ) together represent the level of autophagic flux; low p62 and high LC3II/I indicate that autophagic flux is unimpeded. In the current study, protein levels of p62 and LC3II/I were significantly increased in the MTA as compared to the control group, suggesting that autophagic flux was impeded. Consistent with this, MTA extract had an effect similar to those of BAF and HCQ, which block the fusion of autophagosomes and lysosomes, leading to p62 accumulation. As an autophagy substrate, the accumulation of Notch1 protein may be due to the arrest of autophagic flux, possibly by inhibiting fusion of autophagosomes and lysosomes. Evaluation of colocalization of the fusion puncta of Notch1 and LC3II by immunofluorescence confirmed this hypothesis. is required for NAADP/TPC2-induced inhibition of autophagosome-lysosome fusion (Lu et al. 2013) , corroborating that high concentrations of Ca 2+ may block autophagosome-lysosome fusion. CS-based materials have been extensively studied. The ionic products extracted from CS-based materials affect the expression of differentiation-related genes in hDPCs. High amounts of Ca 2+ reportedly reduce the expression of ALP and Runx2, while inducing osteogenic differentiation in hDPCs . However, in other reports, cells treated with CS-based materials for at least 1 week show increased expression of ALP and related odontogenic differentiation genes. (Qu & Liu 2013 , Zhou et al. 2013 . However, the immediate effects of CS have not been reported to date. As a component of MTA, tricalcium silicate (Ca 3 SiO 5 ) was reported to induce ALP expression in hDPCs after 4 days, while Ca(OH) 2 induced no changes (Peng et al. 2011) . Similar findings have been reported by Zhang et al. (2015) who observed lower ALP activity in Ca(OH) 2 -treated than in Ca 7 Si 2 P 2 O 16 -treated hDPCs after 3 days. Because of these conflicting results on the effects of CS-derived ionic products on the differentiation of periodontal ligament and dental pulp cells, more experiments are needed to illuminate the functions of Ca 2+ and Si ions in MTA extract. When hDPCs are stimulated with MTA extract, they undergo either proliferation or differentiation. The fate decision of hDPCs has a major impact on the future development of hDPCs, thereby affecting pulp capping repair in the clinical setting. It is important for hDPCs to maintain rapid growth while maintaining differentiation capacity rather than immediately Figure 4 MTA extract inhibits autophagosome-lysosome fusion. hDPCs were cultured in 35-mm glass-bottomed microwell dishes and incubated with MTA extract for 24 h. Serum starvation was carried out with EBSS (Sigma) for 12 h. The cells were incubated with anti-Notch1 and anti-LC3 antibodies for 2 h, followed by incubation with Alexa Fluor 488-or Alexa Fluor 555-labelled secondary antibody for 1 h. Image signals were captured using an Olympus FV1000 immunofluorescence microscope at excitation wavelengths of 488 and 559 nm. Arrows indicate enlargement of the colocalization puncta. Scale bar: 2 lm.
undergoing terminal odontoblastic differentiation, particularly when cell numbers are insufficient at the initial stage of pulp capping. In the present study, it was hypothesized that autophagy may facilitate cell fate determination by hDPCs via MTA-induced activation of the Notch1-Hes1 signalling pathway, which modulates hDPC proliferation and differentiation by upregulating Notch1 (NTM) and downregulating the expression of osteogenesis-related genes during the early stage. The decreased expression of Notch1 mRNA and the effects of long-term treatment with MTA extract must be studied in greater detail in the future.
Conclusion
This investigation provided a potential mechanism that MTA extract mediated the activation of Notch signalling, which promotes the proliferation of hDPCs and inhibits odontoblastic differentiation partly through suppression of autophagic flux (Fig. 5) . MTA may promote the repair of injured pulp, potentially by accelerating proliferation and reducing the time required for hDPCs to enter into the odontoblastic differentiation stage in the clinical setting.
